Long non-coding RNAs (lncRNAs) are implicated to be involved in the pathogenesis of many cancers. Herein we report on our discovery of a novel lncRNA, ZFPM2 antisense RNA 1 (ZFPM2-AS1), and its critical role in gastric carcinogenesis. ZFPM2-AS1 expression in gastric cancer specimens was analyzed using Gene Expression Omnibus data set and validated in 73 paired gastric tumor and normal adjacent gastric tissue specimens using qRT-PCR. The effect of ZFPM2-AS1 expression on proliferation and apoptosis in gastric cancer cells was assessed by altering its expression in vitro and in vivo. Mechanistic investigation was carried out using cell and molecular biological approaches. ZFPM2-AS1 expression was higher in gastric tumors than in normal gastric tissue. Also, increased ZFPM2-AS1 expression in gastric cancer specimens was associated with tumor size, depth of tumor invasion, differentiation grade, and TNM stage. High ZFPM2-AS1 expression predicted markedly reduced overall and disease-free survival in gastric cancer patients. Functional experiments demonstrated that ZFPM2-AS1 expression promoted proliferation and suppressed apoptosis of gastric cancer cells in vitro and promoted tumor growth in vivo. This effect is associated with attenuated nuclear translocation of p53. Mechanistic experiments demonstrated that tumor-activated ZFPM2-AS1 could bind to and protect the degradation of macrophage migration inhibitory factor (MIF), a potent destabilizer of p53. Knockdown of MIF expression diminished ZFPM2-AS1's impact on p53 expression in gastric cancer cells. Our findings demonstrated that ZFPM2-AS1 regulates gastric cancer progression and revealed a novel ZFPM2-AS1/MIF/p53 signaling axis, shedding light on the molecular mechanisms underlying the tumorigenicity of certain malignant gastric cells.
Introduction
Gastric cancer is one of the most frequently diagnosed cancers and a leading cause of cancer-related deaths worldwide [1, 2] . Strikingly, cases of gastric cancer in China alone account for 42% of all cases worldwide, probably owing to the high prevalence of Helicobacter pylori infection in the Chinese population [3] . Although researchers have made massive efforts to develop noninvasive biomarkers and therapeutic targets to reduce gastric cancer mortality [4, 5] , they have had little success in increasing the overall survival rate. Therefore, discovery of new diagnostic and prognostic markers and an improved understanding of molecular mechanisms of gastric tumorigenesis remain urgent needs.
Long non-coding RNAs (lncRNAs), a class of noncoding transcripts, are longer than 200 nucleotides, with little protein-coding potential. LncRNAs are abundantly transcribed in developmental stage-, tissue-, or diseasespecific manner [6, 7] . Recently, accumulating evidence has demonstrated that lncRNAs are critical regulators in a variety of cellular processes via control of expression of multiple genes involved in the development and progression of various tumors, including gastric cancer [8, 9] . LncRNA expression profiling may facilitate the diagnosis of and prognosis for gastric cancer, which may serve as effective therapeutic targets for gastric cancer intervention. However, although alteration of lncRNAs in gastric tumors is a widely recognized, roles of many gastric cancer-associated lncRNAs and the related molecular mechanisms remain largely undetermined.
Antisense lncRNAs are RNAs that are reverse complements of their endogenous sense counterparts [10] . Antisense transcripts comprise a big proportion of long noncoding transcriptome (50-70%) [11, 12] . Due to their high locus specification, the biological importance of antisense transcripts was overlooked for decades. It is elucidated recently that antisense transcripts, like many characterized lncRNAs, exert trans and cis effects on other genes [13, 14] and leading to gene promoter activation or posttranscriptional regulation by controlling mRNA and protein stability.
In the present study, we identified the lncRNA ZFPM2 antisense RNA 1 (ZFPM2-AS1) as a candidate oncogene involved in gastric cancer progression using information from the Gene Expression Omnibus and The Cancer Genome Atlas (TCGA) data sets. We then systematically verified and validated the functions of ZFPM2-AS1 using human specimens, cell and molecular biological studies, and animal models. We first determined the expression of ZFPM2-AS1 in gastric tumors and its correlation with clinical aggressiveness and poor survival. We then investigated the impacts of altered expression of ZFPM2-AS1 on gastric cancer cell proliferation, cell-cycle progression, and apoptosis. Inactivation of P53 is one of the most common event in gastric carcinogenesis. Recent studies have suggested migration inhibitory factor (MIF), a 12.5 kDa cytokine, may be involved in carcinogenesis through inactivation of p53 [15] , promotion of angiogenesis [16] , as well as a Rho-dependent pathway [17] . Here we determined that ZFPM2-AS1 attenuated the p53 signaling pathway via physical interaction with and upregulation of expression of macrophage MIF in gastric cancer cells.
Results

Identification and characterization of ZFPM2-AS1 expression
By analyzing data from the Gene Expression Omnibus data set, we found that ZFPM2-AS1 was expressed at higher levels in gastric cancer than in gastric tubular adenoma specimens ( Supplementary Fig. S1A ). To further clarify the role of expression of ZFPM2-AS1 in gastric cancer specimens, we extracted and examined 375 gastric cancer specimens and 32 normal gastric tissue specimens from TCGA data portal. ZFPM2-AS1 expression was markedly higher in gastric cancer than in normal tissue specimens (Supplementary Fig. S1B ), and high ZFPM2-AS1 expression was associated with poor survival ( Supplementary Fig. S1C ). Furthermore, we analyzed ZFPM2-AS1 gene expression data on colorectal, liver, and esophageal cancer specimens, and observed similar results ( Supplementary Fig. S1D -F), suggesting that upregulation of ZFPM2-AS1 expression is common in tumor cells during cancer progression. Therefore, we assumed that that ZFPM2-AS1 plays a carcinogenic role regarding gastric cancer.
Unexpectedly, our 5′ and 3′ rapid amplification of cDNA ends (RACE) assays identified a novel ZFPM2-AS1 transcript (1168 bp) containing three exons (E1, 59 nucleotides (nt); E2, 118 nt; and E3, 991 nt) ( Fig. 1a, b ). The full-length ZFPM2-AS1 sequence is shown in Supplementary Fig. S2 . We verified that ZFPM2-AS1 is a non-coding RNA using three online protein-coding potential assessment software programs ( Supplementary Fig. S3A -C). We treated AGS cells with the DNA methylation inhibitor 5-azacytidine but find no change of ZFPM2-AS1 expression in them (Supplementary Fig. S4A ). Furthermore, we treated AGS cells with the histone deacetylase inhibitor trichostatin A and determined that expression of ZFPM2-AS1 was markedly upregulated in them ( Supplementary Fig. S4B ). These results indicated that ZFPM2-AS1 expression in gastric cancer cells may be regulated by histone acetylation.
ZFPM2-AS1 expression is frequently upregulated in gastric cancer and closely correlated with prognosis
To clarify the expression pattern for the novel transcript ZFPM2-AS1 in gastric tumors, we examined its expression using specific primers in 73 paired gastric tumor and normal adjacent gastric tissue specimens using quantitative reverse transcription-polymerase chain reaction (qRT-PCR). The results demonstrated that expression of ZFPM2-AS1 was considerably higher in the cancer than in the normal tissue specimens ( Fig. 1c, d) . Also, the level of ZFPM2-AS1 expression in a nonmalignant gastric cell line was markedly lower than that in gastric cancer cell lines ( Fig. 1e ).
Furthermore, we used the normal adjacent tissue specimens as controls to produce a receiver-operating characteristic curve. The area under the receiver-operating characteristic curve was 0.760 (95% confidence interval, 0.647-0.846; P = 0; Fig. 1f ).
Based on the median ratio of ZFPM2-AS1 expression in tumor specimens, all the patients were classified into high or low ZFPM2-AS1 expression group. To determine the clinical value of ZFPM2-AS1 expression, we analyzed the correlation between ZFPM2-AS1 expression and clinicopathological characteristics in these patients. As shown in Supplementary Table S1 , high ZFPM2-AS1 expression was positively associated with tumor invasion depth (P = 0.002), poor differentiation (P = 0.001), increased tumor size (P = 0.018), N stage (P = 0.002), and advanced TNM stage (P = 0.007). Kaplan-Meier analyses demonstrated that high expression of ZFPM2-AS1 was strongly associated with reduced overall survival ( Fig. 1g ) and disease-free survival ( Fig. 1h ) in these patients. Univariate and multivariate survival analysis using a Cox proportional hazards regression model demonstrated that ZFPM2-AS1 expression could be regarded as an independent predictor of overall survival in patients with gastric cancer; TNM stage was an independent predictor of it, as well ( Supplementary  Table S5 ). Upregulation of ZFPM2-AS1 expression predicts poor prognosis for gastric cancer. a 5′, 3′, and full-length RACE for ZFPM2-AS1. b Schematic of the location of ZFPM2-AS1. The partial sequence of ZFPM2-AS1 overlaps in antisense the intron of the ZFPM2 protein-coding gene. c The relative ZFPM2-AS1 expression levels in gastric cancer and adjacent nontumor gastric tissue specimens. The results were presented as log2(2 −△△Ct ). d ZFPM2-AS1 expression in gastric cancer and adjacent nontumor gastric tissue specimens (n = 73) was analyzed using qRT-PCR. The ZFPM2-AS1 expression level was normalized to that of U6. e ZFPM2-AS1 expression levels in normal gastric cells (GES-1) and gastric cancer cell lines (AGS, BGC-823, MGC-803, MKN-28, MKN-45, and SGC-7901). f Receiver-operating characteristic curve for prediction of gastric cancer according to qRT-PCR-based ZFPM2-AS1 expression level. g, h Kaplan-Meier analysis of overall survival (OS) (g) and disease-free survival (DFS) (h) in gastric cancer patients 
Effects of ZFPM2-AS1 expression on the proliferation and apoptosis of gastric cancer cells in vitro and gastric tumor growth in vivo
To evaluate the biofunctional roles of ZFPM2-AS1 expression in gastric cancer, we used short hairpin RNA (shRNA)-mediated knockdown and plasmid-mediated overexpression to exogenously manipulate expression of ZFPM2-AS1 in both MKN-45 and AGS cells (Supplementary Fig. S5A ). A Cell Counting Kit-8 assay and colony-forming assays demonstrated that knockdown of ZFPM2-AS1 expression markedly impaired gastric cancer cell proliferation ( Fig. 2a, b ), whereas ZFPM2-AS1 overexpression did the opposite ( Supplementary Fig. S5B and C). 5-Ethynyl-2′-deoxyuridine (EdU) incorporation assays yielded similar results, demonstrating that downregulation of ZFPM2-AS1 expression was associated with reduced DNA synthetic activity ( Fig. 2c ), whereas enforced ZFPM2-AS1 expression had a promoting effect ( Supplementary Fig.  S5D ).
We performed flow cytometric analysis to further determine whether ZFPM2-AS1 is involved in gastric cancer cell proliferation as reflected by cell-cycle arrest and apoptosis. The results revealed that gastric cancer cells transfected with two ZFPM2-AS1-specific shRNAs (#1 and #2) underwent obvious cell-cycle arrest at G0/G1 phase and that the population of cells at S phase decreased ( Fig. 2d ), whereas ZFPM2-AS1 overexpression had the opposite effects ( Supplementary Fig. S5D ). These findings were consistent with those of the EdU incorporation assays. Apoptosis assays revealed that the fraction of apoptotic cells was considerably higher among the ZFPM2-AS1downregulated gastric cancer cells than in control cells ( Fig. 2e) .
To confirm the effect of ZFPM2-AS1 on gastric tumorigenesis in vivo, we subcutaneously injected AGS cells stably transfected with shRNA-ZFPM2-AS1 (shZFPM2-AS1) or nontargeting control shRNA and ZFPM2-AS1 or a control vector into the left thighs of nude mice. We found that ZFPM2-AS1-overexpressing tumor xenografts exhibited considerably greater growth than did by control xenografts, as demonstrated by increased mean tumor volumes and weights ( Fig. 3a1, b1 , and c1), whereas ZFPM2-AS1-downregulated tumor xenografts exhibited considerably less growth than did control xenografts ( Fig. 3a2, b2 , and c2). Immunohistochemical assays demonstrated that the Ki67 proliferation index was lower in the shZFPM2-AS1-transfected tumors and higher in the ZFPM2-AS1-transfected tumors than in those in Fig. 3 ZFPM2-AS1 promotes the growth of gastric cancer cells in vivo. ZFPM2-AS1-overexpressing plasmid-or shRNA-treated AGS cells were injected subcutaneously into the left thighs of nude mice (1 × 10 6 cells per mouse, five mice per group). Shown are tumor growth curves (a1, a2; *P < 0.05), tumor weights (b1, b2), and gross tumors (c1, c2) in the indicated mouse groups. The formula used to calculate tumor volume was ab 2 /2, with a representing the longest diameter of the tumor and b representing the diameter perpendicular to the longest one. d Representative images of immunohistochemical staining of tumor specimens for Ki67 in the indicated groups the control group ( Fig. 3d ). Taken together, these data indicated an important role of ZFPM2-AS1 in promoting gastric cancer cell proliferation in vitro and gastric tumor growth in vivo.
ZFPM2-AS1 negatively regulates p53 protein expression and p53 downstream molecules
To identify the molecular mechanism by which ZFPM2-AS1 exerts its effect on gastric cancer progression, we examined several signaling transduction pathways previously shown to be involved in unlimited proliferation and defective apoptosis of cancer cells [18] [19] [20] . We found that enforced ZFPM2-AS1 expression led to decreased p53 expression in AGS cells (Fig. 4a ). In contrast, knockdown of ZFPM2-AS1 expression activated p53 expression in MKN-45 cells. We further examined several p53 downstream target genes. We found that expression of p21 and PUMA was downregulated and that of cyclin D1 and cyclin E1 was upregulated in ZFPM2-AS1-overexpressing AGS cells, whereas the opposite occurred in MKN-45 cells transfected with shZFPM2-AS1. In addition, we found that the p53 mRNA expression level did not change after dysregulated ZFPM2-AS1-based treatment in gastric cancer cells ( Fig. 4b ). Functionally, Cell Counting Kit-8 and apoptotic assays demonstrated that downregulation of p53 expression partially abrogated the shZFPM2-AS1-induced inhibitory effect on proliferation ( Fig. 4c ) and promoting effect on apoptosis of gastric cancer cells ( Fig. 4d ). However, of note is that AGS and MKN-45 cells do not contain any p53 mutations. We further examined the impact of ZFPM2-AS1 on mutant p53 expression in BGC-823 and MGC-803 cell lines carrying the p53 mutation. As shown in Supplementary Fig. S6A and B, knockdown of ZFPM2-AS1 did not affect the amount of endogenous mutant p53 protein.
To determine whether ZFPM2-AS1 directly affected p53 protein expression, we performed an RNA pulldown assay. However, we did not find that p53 bound to ZFPM2-AS1 in our western blot analysis. We hypothesized that ZFPM2-AS1 binds to an RNA-binding protein that a SDS-PAGE analysis with silver staining showed the immunoprecipitated proteins from an AGS cell pulled down by ZFPM2-AS1 or its antisense RNA. The arrow indicates the possible ZFPM2-AS1 bound protein subsequently excised for mass spectrometry. b Biotinylated ZFPM2-AS1 or antisense RNA was incubated with whole-cell protein lysates of AGS and MKN-45 cells in another RNA pull-down assay. The MIF protein was detected by western blot using a specific MIF antibody. c RIP experiments determined the interaction of MIF and ZFPM2-AS1. d Immunoblotting for AGS cells pulled down with different fragment of ZFPM2-AS1. e Representative immunohistochemical images of MIF protein expression with high or low ZFPM2-AS1 expression in gastric cancer specimens (n = 26). f Direct correlation between ZFPM2-AS1 and MIF protein expression as assessed using Spearman correlation coefficient analysis (n = 26). Expression of ZFPM2-AS1 and the immunohistochemistry score for MIF protein in each gastric cancer specimen were examined separately. W weak, M moderate, S strong. g Intracellular distribution of ZFPM2-AS1 in AGS and MKN-45 cell lysates were analyzed by RT-qPCR. GAPDH and U6 were used as internal control. h Western blot of MIF expression after decreased or increased ZFPM2-AS1 expression in AGS and MKN-45 cells. i qRT-PCR results demonstrating that overexpression and knockdown of expression of ZFPM2-AS1 did not affect MIF mRNA expression levels in gastric cancer cells. j Western blot of MIF in AGS and MKN-45 cells treated with 40 μg/mL CHX for the indicated times. k Western blots showing the effect of proteasome inhibitor MG132 on MIF expression in gastric cancer cells with or without shZFPM2-AS1 treatment for 48 h serves as an adaptor protein and mediates the effect of ZFPM2-AS1. These data suggested that ZFPM2-AS1 inhibits the p53 signaling pathway to promote proliferation and suppress apoptosis of gastric cancer cells by indirectly regulating p53 protein expression.
ZFPM2-AS1 physically binds to MIF protein
To identify a possible mediator bridging ZFPM2-AS1 and to p53, we first examined whether manipulation of ZFPM2-AS1 expression affects the mRNA expression levels for its in cis genes. As shown in Supplementary Fig. S7A , no genes neighboring (e.g., ABRA, ANGPT1, LRP12, OXR1, and ZFPM2) were changed along with ZFPM2-AS1. Although most of the transcript sequence of ZFPM2-AS1 overlaps in antisense the intron of the ZFPM2 proteincoding gene, we neither found any significant changes in ZFPM2 protein expression in ZFPM2-AS1-dysregulated AGS cells (data not shown). Furthermore, alteration of its neighboring genes did not impact ZFPM2-AS1 expression ( Supplementary Fig. S7B -F). All of these data suggested that ZFPM2-AS1 acts in trans to inhibit p53 signaling in gastric cancer.
We further performed RNA pull-down assays using a biotin-labeled ZFPM2-AS1 RNA probe to identify potential proteins associated with ZFPM2-AS1 in AGS cells. We analyzed RNA-associated proteins using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and silver staining. We excised a unique band between 10 and 17 kDa specific to ZFPM2-AS1 and subjected it to mass spectrometry ( Fig. 5a ). This analysis identified MIF as a binding target of ZFPM2-AS1 ( Supplementary Table S6 ), which was further confirmed by western blot in three independent RNA pull-down assays (Fig. 5b) . We further verified the specificity of this interaction using RNA immunoprecipitation (RIP; Fig. 5c ). Notably, deletion-mapping analysis identified that the 5′-end segment (1-760 nt) of ZFPM2-AS1 is required for its association with MIF ( Fig. 5d ). These analyses confirmed that ZFPM2-AS1 physically binds to MIF in vitro. Consistent with previous reports, we found that the expression of MIF mRNA and protein in gastric cancer specimens was markedly higher than that in normal matched gastric tissue specimens ( Supplementary  Fig. S8A and B) . To examine the correlation of ZFPM2-AS1 and MIF expression, we sequentially examined the correlation of ZFPM2-AS1 expression with MIF mRNA and protein expression in 26 gastric cancer cases (cohort 2). We observed that ZFPM2-AS1 was positively correlated with the MIF protein level (r = 0.773; P < 0.001; Fig. 5e , f) but not with MIF mRNA level (P = 0.13) ( Supplementary  Fig. S8C ). These data indicated that ZFPM2-AS1 may regulate MIF expression at the translational or posttranslational level.
Inhibition of ZFPM2-AS1 expression destabilizes MIF protein
To identify the mechanism of interaction between ZFPM2-AS1 and MIF, we first detected the subcellular location of ZFPM2-AS1 in gastric cancer cells. We found that ZFPM2-AS1 was present in both cytoplasmic and nuclear fractions of AGS cells (mean ± standard deviation, 51.96% ± 4.67% and 48.04% ± 5.83%, respectively) and MKN-45 cells (mean ± standard deviation, 47.41% ± 4.32% and 52.59% ± 3.83%, respectively; Fig. 5g ). Next, we explored the regulatory effect of ZFPM2-AS1 on MIF expression. We found significant upregulation of MIF protein expression upon ZFPM2-AS1 overexpression and downregulation of MIF protein expression upon ZFPM2-AS1 knockdown in gastric cancer cells (Fig. 5h ). However, no changes of MIF at the mRNA level were detected along with up-or downregulation of ZFPM2-AS1 ( Fig. 5i ), further suggesting that ZFPM2-AS1 elevates MIF expression at the translational or posttranslational level. As shown in Fig. 5j , MIF protein levels in AGS and MKN-45 cells remained stable after treatment with cycloheximide for 8 h. Notably, treatment with the proteasome inhibitor MG132 over 8 h did not increase MIF levels in gastric cancer cells (Fig. 5k ). Since MIF could be stabilized by physical association with other component [21] , we hypothesized if ZFPM2-AS1 could protect MIF through a similar mechanism. Indeed, MG132 treatment successfully blocked MIF destabilization with inhibition of ZFPM2-AS1 in gastric cancer cells (Fig. 5k) . Functional studies demonstrated that knockdown of MIF expression abrogated ZFPM2-AS1 upregulation-induced promotion of proliferation ( Supplementary Fig. S8D and E) and changes in the proportion of apoptotic gastric cancer cells ( Supplementary Fig. S8F ). Consistent with findings in GC cells, we also found altered expression of ZFPM2-AS1 could change MIF protein expression in colorectal cancer cells ( Supplementary Fig. S9A and B) . Taken together, these data provided evidence that ZFPM2-AS1 activates MIF expression at least partially by protecting MIF protein stability, thereby promoting proliferation and suppressing apoptosis of gastric cancer cells.
ZFPM2-AS1 regulates p53 expression and subcellular location via upregulation of MIF expression
Previous studies suggested that by physically associating with p53, MIF suppresses p53 protein stability and prevents its nuclear translocation [15, 22] . Having shown that ZFPM2-AS1 interacts with MIF, we hypothesized that ZFPM2-AS1 modulates the p53 signaling pathway in an MIF-dependent manner. First, we determined the p53 and MIF protein expression by immunohistochemistry in the GC tissue specimens with wild-type TP53 showing low or high level of ZFPM2-AS1 ( Supplementary Fig.S10A ). Also, we confirmed that MIF bound to p53 in gastric cancer cells ( Fig. 6a) and that upregulation or downregulation of MIF markedly changed the expression of p53 protein (Fig. 6b ). Next, we examined the role of MIF in the ZFPM2-AS1-regulated p53 pathway using western blot and qRT-PCR analysis. As expected, dysregulated ZFPM2-AS1 considerably altered the mRNA and protein expression for molecules downstream of p53 in gastric cancer cells; this effect could be partially rescued by MIF ( Fig. 6c,  d) . By using in vitro co-immunoprecipitation (co-IP) assay, we determined that ZFPM2-AS1 is not required for the p53/MIF interaction ( Supplementary Fig.S10B ).
Furthermore, to determine whether ZFPM2-AS1 decreases the nuclear localization of p53 via MIF, we altered the expression of ZFPM2-AS1 in AGS and MKN-45 cells. As shown in Fig. 6e , ZFPM2-AS1 overexpression inhibited the nuclear translocation of p53. We also assessed whether MIF is necessary for ZFPM2-AS1-regulated nuclear translocation of p53 using western blot analysis. Knockdown of MIF partially rescued the p53 nuclear translocation inhibited by ZFPM2-AS1 ( Fig. 6f ). Collectively, our data demonstrated that ZFPM2-AS1 promotes proliferation and suppresses apoptosis of gastric cancer cells by serving as an important upstream regulator of the MIF/ p53 axis (Fig. 7) .
Discussion
In the present study, we identified lncRNA ZFPM2-AS1 as a candidate oncogene involved in gastric cancer progression based on data from the Gene Expression Omnibus and TCGA data sets. For functional validation, we found that ZFPM2-AS1 expression was frequently upregulated in gastric cancer specimens and that this upregulated expression correlated with clinical aggressiveness and predicted poor survival. Moreover, ZFPM2-AS1 promoted proliferation of and inhibited cell-cycle arrest in and apoptosis of gastric cancer cells. Mechanistically, ZFPM2-AS1 inactivated the p53 signaling pathway by physically interacting with MIF and upregulating its expression in gastric cancer cells. Therefore, our clinical and experimental evidence strongly established that ZFPM2-AS1 is an oncogene and regulates p53 function, thus forming a ZFPM2-AS1/ MIP/p53 signaling axis and promoting gastric cancer development and progression.
Because of the unlimited proliferation and defective apoptosis of cancer cells, cancer therapy remains a major challenge. Recently, studies have increasingly identified many lncRNAs aberrantly expressed in tumor cells during gastric tumorigenesis. Dysregulatied lncRNAs may affect genetic or epigenetic communication and lead to a cellular growth advantage, resulting in progressive tumor growth [8, 23] . Therefore, we conducted a series of experiments to characterize the novel oncogenic lncRNA ZFPM2-AS1 in gastric cancer, assess its possible relationship with gastric cancer, and explore the potential application of ZFPM2-AS1 in clinical management for gastric cancer.
ZFPM2-AS1 is located on chromosome 8q23, and three transcripts of the ZFPM2-AS1 gene are annotated in the National Center for Biotechnology Information database. However, the expression pattern and biological function of ZFPM2-AS1 in gastric cancer have yet to be reported. By using RACE assays, we identified a novel transcript of ZFPM2-AS1 different from those identified online. We Fig. 6 The ZFPM2-AS1/MIF axis promotes gastric cancer cell proliferation and suppresses their apoptosis by attenuating the p53 signaling. a Western blots of extracts of AGS and MKN-45 cells were subjected to co-immunoprecipitation (IP) using an anti-MIF antibody or control IgG performed with an anti-p53 antibody. Reciprocal co-IP was performed using anti-p53 and -IgG antibodies followed by western blotting with an anti-MIF antibody. IB immunoblot. b Western blot analysis of p53 expression in AGS and MKN-45 cells after decreased or increased MIF expression. c, d qRT-PCR (c) and western blot (d) analysis results demonstrating that ZFPM2-AS1 regulated the p53 pathway in an MIF-dependent manner. The mRNA and protein expression for the p53-targeting genes cyclin D1, cyclin E1, p21, and PUMA in the indicated groups were examined. GAPDH was used as a loading control. siMIF MIF-specific siRNA. *P < 0.05 for comparison between "vector + siNC" and "ZFPM2-AS1 + siNC"; # P < 0.05 for comparison between "ZFPM2-AS1 + siNC" and "ZFPM2-AS1 + siMIF". demonstrated that ZFPM2-AS1 expression was frequently higher in gastric cancer specimens than in corresponding noncancerous tissue specimens. Importantly, ZFPM2-AS1 expression was positively correlated with depth of tumor invasion, differentiation grade, tumor size, N stage, and TNM stage, suggesting that ZFPM2-AS1 is a potential diagnostic biomarker and/or therapeutic target for gastric cancer. Also, patients with higher ZFPM2-AS1 expression exhibited poorer overall and disease-free survival. Further multivariate analysis revealed that the ZFPM2-AS1 expression level is a potential independent risk factor for overall survival after surgery, illustrating a prognostic value of ZFPM2-AS1 for gastric cancer. Role of ZFPM2-AS1 in gastric cancer was further investigated by examining alterations of biological behavior in gastric cancer cell lines with altered ZFPM2-AS1 expression. By applying loss-and gain-of-function approaches, we identified that ZFPM2-AS1 promotes cell proliferation concomitant with its induction of cell-cycle progression and apoptosis inability. Furthermore, we found that ZFPM2-AS1's impact on cancer cell proliferation and apoptosis was mediated by p53 signaling pathway. However, the detailed regulatory mechanism bridging ZFPM2-AS1 and p53 was yet to be determined.
By regulating gene expression via different mechanisms, lncRNAs play crucial roles in multiple biological processes [24] [25] [26] . ZFPM2-AS1 is transcribed in the antisense orientation of in the protein-coding gene ZFPM2. Several studies reported close relation between upstream antisense transcription and its corresponding gene [27] [28] [29] . Therefore, we first examined whether ZFPM2-AS1 regulates the expression of ZFPM2 in gastric cancer cells. qRT-PCR and western blot analysis did not detect a significant effect of ZFPM2-AS1 on expression of ZFPM2 or other neighboring genes. Knockdown of expression of these neighboring genes also failed to change ZFPM2-AS1 expression. Therefore, these findings suggested that ZFPM2-AS1 should act in trans by targeting distant genes. In the present study, our RNA pull-down and mass spectrometric analysis identified the physical binding of MIF to ZFPM2-AS1. We also found that forced expression of ZFPM2-AS1 induced MIF protein expression, whereas inhibited expression of ZFPM2-AS1 did the opposite. We observed that MIF protein, not mRNA, expression was closely correlated with ZFPM2-AS1 expression. Functional analysis demonstrated that inhibition of MIF expression partially abrogated ZFPM2-AS1-induced promotion of gastric cancer cell proliferation. These findings strongly support that ZFPM2-AS1 elevates MIF expression and regulates proliferation of gastric cancer cells partially in an MIFdependent way.
MIF is a tumor promoter with critical roles in the inflammation-tumorigenesis axis [30] . Researchers found that MIF was highly stable with low protein turnover and that its overexpression in tumor cells was prominent in a variety of human cancers [31] [32] [33] [34] . Increased intratumoral MIF levels have correlated with clinical aggressiveness of cancer, implicating that MIF expression has a role in poor prognosis. However, treatment with proteasome inhibitor failed to increase MIF protein expression in a variety of cancers. The molecular mechanism stabilizing MIF protein in tumors cells is poorly uncovered. Schulz et al [21] . reported that pharmacological inhibition of heat shock protein 90 activity or small interfering RNA (siRNA)mediated knockdown of heat shock protein 90 expression destabilized MIF in a variety of human cancer cells, and this was mediated by the heat shock protein 90-associated E3 ubiquitin ligase CHIP. Accumulating evidence demonstrated that hypoxia induces MIF expression or secretion in human cancer cells [35] . Additionally, authors reported MIF transcription was induced by hypoxia-inducible factor-1a (Hif1-a) [36, 37] and, conversely, that Hif1-a protein expression levels were stabilized by MIF. This raises the intriguing possible existence of MIF/Hif1-a positive feedback loop and these hypoxic tumors should be exquisitely sensitive to ZFPM2-AS1 inhibition.
LncRNAs, together with specific proteins, perform various functions depending on their subcellular location. Nuclear lncRNAs are primarily involved in the guidance and recruitment of histone protein modification enzymes and transcription factors to specific genomic loci, resulting in inactivation of tumor suppressors and activation of oncogenes [38] . Cytoplasmic lncRNAs frequently participate in cellular biological processes by functioning as competing endogenous RNAs or regulating mRNA or protein stability or its subcellular localization [39] .In this study, we found that a large proportion of MIF and ZFPM2-AS1 was located in the cytoplasm of gastric cancer cells. Since no proteins in the nucleus was identified to bind to ZFPM2-AS1, analyzing the ZFPM2-AS1-involved regulatory mechanism in the nucleus was expected to be explored in future studies. In this study, since no MIF mRNA expression changed after induction of ZFPM2-AS1 expression, we therefore hypothesized if ZFPM2-AS1 could protect MIF protein stabilization, which was a wellcharacterized mechanism of lncRNA-protein interaction in the cytoplasm. In accordance with findings reported previously, proteasome inhibitor MG132 failed to increase MIF levels in gastric cancer cells. However, upon ZFPM2-AS1 knockdown, MIF protein level increased along with treatment with MG132. The rapid decrease of MIF protein after ZFPM2-AS1 inhibition indicates that it is subject to proteasomal degradation under such circumstances. These results collectively showed that ZFPM2-AS1-induced accumulation of MIF protein is not resulted from increased protein synthesis, but from increased protein stability in gastric cancer cells. However, identifying the underlying mechanisms of ZFPM2-AS1's regulation of ubiquitination and/or ubiquitination-associated enzymes requires further investigation.
Upstream investigations of p53 signaling characterized MIF to be one of the most important regulators in p53regulated tumor cell proliferation and apoptosis. By directly binding to p53, MIF contributes to destabilize p53 protein, and prevent translocation of p53 from the cytoplasm to the nucleus [15, 22, [40] [41] [42] [43] . However, effective method to block this pro-tumor MIF/p53 axis yet to be identified. As a key tumor suppressor, p53 regulates multiple critical biological processes, including apoptosis, cell-cycle arrest, and DNA repair. Inactivation of p53 is one of the most common events in gastric cancer progression. Genetic and epigenetic alterations causing inactivation of p53 are implicated to occur in about 50% of gastric cancer patients [44, 45] . Notably, gastric cancer specimens obtained from 50% of patients exhibited p53 protein-positive immunostaining. Nevertheless, investigators later showed that the positive staining was largely attributable to expression of mutant p53, whereas expression of wild-type p53 protein became undetectable or lost in gastric tumors with the wild-type p53 allele [46] . Therefore, re-activation of the p53 pathway is an attractive strategy for pharmaceutical interference in tumor initiation and progression. Given the crucial roles of p53 in gastric cancer, researchers attempted to reactive this antitumor signaling by exploring its upstream regulators, including lncRNAs. For example, lncRNA-p21 represses the expression of many p53-targeted genes [47, 48] . Also, the lncRNA PANDA inhibits the expression of several important proapoptotic genes upon DNA damage, and such effect is p53-dependent [49] . Depletion of the lncRNA MALAT1, results in activation of p53 and its downstream target genes [50] . Herein we demonstrated that posttranscriptional regulation of p53 expression is partly mediated by ZFPM2-AS1-induced MIF stability in the cytoplasm, thus controlling the expression of p53 target genes, facilitating gastric cancer cell proliferation, and inhibiting apoptosis. These results established a new molecular link between regulatory lncRNAs and p53 signaling.
In conclusion, we characterized the lncRNA ZFPM2-AS1 as a novel oncogene in gastric cancer patients. ZFPM2-AS1 expression was positively correlated with increased clinical aggressiveness of and poor prognosis for gastric cancer. By physically interacting with MIF, ZFPM2-AS1 protects MIF from degradation and increases MIF expression. The newly identified ZFPM2-AS1/MIF/ p53 signaling axis exhibited significant pro-tumor function in gastric cancer cases. ZFPM2-AS1 may be a promising prognostic predictor for gastric cancer, and the ZFPM2-AS1/MIF/p53 axis may be an effective therapeutic target for this cancer.
Materials and methods
Bioinformatic analysis
Gene expression data and corresponding clinical data on gastric cancer patients were downloaded from TCGA and the publicly available Gene Expression Omnibus database using accession number GSE1279.
Patients
Gastric cancer specimens were collected from patients at Changhai Hospital, Second Military Medical University. No patient received preoperative treatment in this cohort and every patient signed for a written informed consent (cohort 1, n = 73). The tissue specimens were frozen in liquid nitrogen and all specimens were examined histologically. A tissue microarray was constructed using gastric cancer specimens from another patient cohort (cohort 2, n = 26). Clinical information on the patients in these two cohorts are listed in Supplementary Tables S1 and S2.
Cell culture
HEK 239T; the nontumorigenic human gastric cell line GES-1; the gastric cancer cell lines BGC-823, MKN-28, MKN-45, MGC-803, and SGC-7901; and other cancer cell lines were purchased from the Committee of Type Culture Collection of the Chinese Academy of Sciences or the American Type Culture Collection. Cell lines used in this study were obtained in 2015 and authenticated in August 2017 using short tandem repeat analysis. Cells were cultured at 37°C in a humidified incubator with an atmosphere of 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum.
5′ and 3′ rapid amplification of cDNA ends
Total RNA was isolated by the RNeasy Plus Mini Kit (QIAGEN) according to the manufacturer's instructions. A SMARTer RACE 5′/3′ Kit (Clontech Laboratories) was subsequently used to perform the RACE experiments. Specific primers used in the report are listed in Supplementary Table S3 .
qRT-PCR and subcellular fractionation analysis
Total RNA was extracted from the tissue specimens or cell lines using TRIzol reagent (Invitrogen). Random primers and a PrimeScript RT Reagent Kit (TaKaRa Bio, Shiga, Japan) were used to synthesize cDNA. qRT-PCR analyses was performed using SYBR Green Master Mix (TaKaRa Bio) and further carried out on a LightCycler 480 Instrument II (Roche Diagnostics, Mannheim, Germany). The optimized PCR primers used are listed in Supplementary  Table S3 . PARIS Kit (Life Technologies) was used to separate nuclear and cytosolic fractions of gastric cancer cells according to the manufacturer's instructions.
Transfection of plasmids and RNA interference
Full-length (1-1168 bp) human ZFPM2-AS1 complementary DNA was cloned into a pCDH vector (Sigma-Aldrich). The ZFPM2-AS1 deletion mutant (ZDM) plasmids were constructed from 761 and 941 bp to 1168 bp (ZDM#1 and ZDM#2). For lentiviral packaging, the plasmid/vector control pCDH-ZFPM-AS1 and packaging plasmids psPAX2 and PMD2.G (System Biosciences) were cotransfected into HEK 293T cells using Lipofectamine 2000 (Invitrogen). Also, shRNAs (Biotend Biotechnology), the packaging plasmids pPACK-GAG and pPACK-REV (System Biosciences), and the envelope plasmid pVSV-G (System Biosciences) were co-transfected into HEK 293T cells using the same regent. Viruses were harvested for 48 h, filtered, and stored at −80°C before use. An MIFoverexpressing plasmid (V5-tagged MIF vector) was purchased from Asia-Vector Biotechnology (Shanghai, People's Republic of China). Gastric cancer cells were seeded in a six-well plate. At confluence of 50-80%, cells were infected with 1 × 10 6 recombinant lentivirus-transducing units and 6 μg/mL Polybrene (Sigma). For siRNA infection, cells were seeded at 30-50% confluence, and infected with 50-nM siRNAs using Lipofectamine 2000.
Cell proliferation and colony formation assay
Capability of gastric cell proliferation and colony formation were assessed as described previously [51] .
EdU proliferation assay
A Cell-Light EdU Apollo 567 In Vitro Imaging Kit (RiboBio) was used to perform an EdU proliferation assay as manufacturer suggested. In brief, 5 × 10 3 cells/well from indicated group were seeded into 96-well plates. Twentyfour hours after seeding, 100 μL medium with 50 μM EdU was added into each well. Cells were incubated for 2 h at 37°C. Subsequently, cells were fixed with 4% paraformaldehyde, and then stained with a Hoechst and Apollo reaction cocktail. A fluorescence microscope was used to capture the images. Afterward, ratio of EdU-positive cells in total cells within each field were calculated.
Flow cytometry
Gastric cancer cells exposed to indicated treatment were stained with annexin V and propidium iodide from Apoptosis Detection Kit (BD Biosciences). Flow cytometry was then performed. Cell-cycle distribution and ratio of apoptotic cells from each group were counted and compared.
Animals and tumor growth
Female pathogen-free nude mice (5-week-old female nude mice with body weight of 18-22 g) were purchased from the National Cancer Institute. The animals were maintained in facilities approved by AAALAC International according to regulations and standards of the U.S. Department of Agriculture and Department of Health and Human Services. Five mice were arranged for each experiment without special randomization and blinding method. A volume of 100 μL Hank's balanced salt solution with 1 × 10 6 gastric cancer cells were injected subcutaneously into the left thighs of the mice. The resulting tumors were measured every week. The mice were killed via cervical dislocation 35 days after injection, and their tumors were removed and weighed.
Protein extraction and western blotting
Standard western blotting procedure was performed using whole-cell protein lysates as described elsewhere [52] . Detailed information on the antibodies is listed in Supplementary Table S4 .
RNA pull down and mass spectrometry ZFPM2-AS1 and its antisense plasmid were linearly cut, transcribed, and biotin-labeled in vitro with Bio-16-UTP (Life Technologies) using a MAXIscript T7 Transcription Kit (Life Technologies). Protein-RNA interactions were carried out using a Pierce Magnetic RNA-Protein Pull-Down Kit (Life Technologies) with lysates of AGS and MKN-45 cells. Then, the proteins were detected using western blot analysis or resolved via gradient gel electrophoresis followed by mass spectrometric identification.
RIP, immunofluorescence, and co-IP
A Magna RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore) was used to carry out RIP experiments according to the manufacturer's recommendation. The MIFbased RIP assays (Santa Cruz Biotechnology), immunofluorescence, and co-immumoprecipitation were performed as reported previously.
Immunohistochemical assay
Immunohistochemical analyses of gastric cancer specimens were conducted with specific antibodies as described previously [16] . Expression of proteins in the specimens was estimated according to the percentage and intensity of the stained tumor cells. The staining percentage and intensity were graded as 0 (0-4%), 1 (5-24%), 2 (25-49%), 3 (50-74%), 4 (≥75%), and 0, 1, 2, or 3, respectively. The final score was obtained by multiplication of percentage and intensity score. Tissue samples with final staining scores of 0, 1-4, 5-8, and 9-12 were considered negative (−), weakly positive (+), moderately positive (++), and strongly positive (+++), respectively. All the sections were individually scored by two investigators who were blinded to the clinical information of the gastric cancer cases.
Statistical analysis
The significance of differences among covariates was determined with a two-tailed t-test or the Fisher exact test. All in vitro experiments were performed in triplicate and at least three times. Data were presented either as means ± standard deviation from one representative independent experiment of three with similar results or means ± standard error of the mean from three independent experiments. Student's t-test (two-tailed) or one-way analysis of variance was used to determine the significance of the in vitro and in vivo data. In all the comparisons, statistical analysis was carried out by using SPSS software program (version 17.0; IBM Corporation) and P < 0.05 were considered statistically significant.
